This study examined the effects of surround luminance on the shape of the spatial luminance contrast sensitivity function (CSF). The reduction in brightness of uniform neutral patches shown on a computer controlled display screen is also assessed to explain the change of CSF shape. Consequently, a large amount of reduction in contrast sensitivity at middle spatial frequencies can be observed; however, the reduction is relatively small for low spatial frequencies. In general, the effect of surround luminance on the CSF appears similar to that of mean luminance. Reduced CSF responses result in less power of the filtered image; therefore, the stimulus should appear dimmer with a higher surround luminance.
I. INTRODUCTION
The contrast sensitivity function (CSF) represents the value of the minimum contrast at each spatial frequency that is necessary for a visual system to distinguish a sinusoidal grating or a Gabor pattern over a range of spatial frequencies from a uniform field. Physiologically, both parvocellular (P) and magnocellular (M) cells have receptive fields organized into two concentric antagonistic regions: a central region, which can be on-center or off-center and a surrounding region of opposite sense. This arrangement is common in vertebrates. The receptive fields of small bistratified cells appear to lack clear centre-surround organization [1] . The distributions of sensitivity within centre and surround mechanisms are usually represented by Gaussian profiles of a ganglion cell's receptive field. The spatial properties of the visual neurons are commonly inferred from a neuron's spatial modulation transfer function [2] or contrast sensitivity function [3] measured with grating patterns whose luminance is modulated sinusoidally. In practice, monochromatic patterns in which luminance varies sinusoidally in space are used. CSFs typically plot the reciprocal of the minimum contrast that is also referred to as threshold, and provide a measure of the spatial properties of contrast-detecting elements in the visual system [4] . It is believed that CSF is in fact the envelope of the sensitivity functions for collections of neural channels that subserve the detection and discrimination of spatial patterns [5] [6] .
The first measurement of luminance CSF for the human visual system (HVS) was reported by Schade [7] in 1956. The luminance CSF has been extensively studied over a variety of research fields -such as optics, physiology, psychology, vision and color science -and the same basic trends were observed. Luminance CSF exhibits a peak in contrast sensitivity at moderate spatial frequencies (~ 5.0 cycles per degree; cpd) [4] and falls off at both lower and higher frequencies; thus, it generally shows band-pass characteristics. The fall-off in contrast sensitivity at higher spatial frequency can be explained by spatial limitations in the retinal mosaic of cone receptors. The reduction in contrast sensitivity at lower spatial frequencies requires further neural explanations [8] . Centre-surround receptive fields are one possible reason for this low-frequency fall-off [9] .
The CIE technical committee (TC) 1-60 [10] has recently collected luminance CSF measurement data from the literature [11] [12] [13] [14] . Those data were measured in different experimental contexts; for instance, Campbell and Robson [11] used Gabor patches and the others [12] [13] [14] used sinusoidal gratings. All of the data were normalized to unity at the maximum contrast sensitivity of each data set for a crossSpatial Luminance Contrast Sensitivity: Effects of Surround -Youn Jin Kim et al. Barten' s model with various mean luminance levels for a field size of 5 degrees. As the mean luminance of the sinusoidal grating stimulus is decreased, contrast sensitivity at each spatial frequency decreases, and the maximum resolvable spatial frequency decreases as well. The peaks in the functions shift toward lower spatial frequencies and broaden.
comparison on a single plot. Consequently, they corresponded to one another and their trends are remarkably similar; therefore, they could be accurately fit by a single CSF model [14] in spite of the significant difference in conditions, methods and stimulus parameters.
The CSF model used was originally proposed by Barten [14] as a function of spatial frequency and dependent on field size (or viewing angle in degrees) and mean luminance of the sinusoidal grating stimulus. As the mean luminance of the sinusoidal grating stimulus is decreased, the following variations occur (See Figure 1) . The contrast sensitivity at each spatial frequency decreases, and the maximum resolvable spatial frequency decreases. In addition, the shape of luminance CSF changes; the peaks in the functions shift toward lower spatial frequencies, broaden, and eventually disappear [15] [16] [17] .
The wealth of data in the literature also reports a variety of changes in CSF shape with senescence, [18] [19] [20] [21] [22] 28] eccentricity [23] [24] [25] [26] 29] and degree of adaptation to noise [27] in a given stimulus. Briefly, luminance CSFs for older subjects exhibit losses in contrast sensitivity at the higher frequencies, although much of the loss is attributed to optical factors. [18, 28] Sensitivity to the local contrast at the peripheral region can be measured by instructing the observer to fixate on a marker whilst the actual object is placed at some distance from the marker. The distance is usually expressed in an angular measure called 'eccentricity' and the contrast sensitivity is measured as a function of eccentricity. With increasing eccentricity, capillary coverage increases up to 40% [29] . Fairchild and Johnson [27] found the fact that the adapted luminance CSF relates to the reciprocal of the adapting stimulus' spatial frequency. However, surround effects on the luminance CSF in the spatial frequency domain appears to be less well investigated thus far. Cox et al [30] . measured the effect of surround luminance on CSF and visual acuity using computer-generated sinusoidal gratings under surround levels up to 90 cd/m 2 for the purpose of ophthalmic practice in 1999. In consequence, reduced contrast sensitivity was measured under the highest surround luminance (90 cd/m 2 ) and the optimal surround level was found to be at 10 ~ 30% of mean luminance of a target stimulus. Precisely, contrast sensitivity increases when luminance of the surround increases from 0 to 10 ~ 20% of that of stimulus; however once the surround luminance exceeds the optimal level contrast sensitivity suddenly falls off.
Recently, portable display devices such as mobile phones and portable media players are viewed in a diverse range of surround luminance levels, and we usually experience images on a mobile phone display with a huge loss in contrast under bright outdoor viewing conditions. Ambient illumination and surround have been thought of as the first major factor among the mobile environmental considerations [31] ; therefore, it is worth measuring the changes in luminance CSF shape under high brightness surrounds as a simulation of outdoor sunlight. In two psychophysical experiments we examined luminance CSFs under different surround luminance levels and the change in brightness of uniform neutral patches shown on a computer controlled display screen is observed. Specifically, Experiment 1 is conducted to measure the compound results of contrast threshold perception and physical contrast of a display resulting from the increase of ambient illumination. The former could be attributed to simultaneous lightness contrast [32] between stimuli on a display and surround luminance, so it may cause a change in CSF. The latter is usually decreased by viewing flare, the surface light reflections off the front of the monitor screen. In addition, in Experiment 2, a set of psychophysical assessments for variation in brightness are carried out to support and justify the surround effects on the CSF.
In this study, the modulation transfer function (MTF) of the display used is computed for each surround condition, then the MTF is divided into the results from Experiment 1 in order to deduce the display's resolution term, as well as the effects of viewing flare. Because resolution of the display device used may limit the detectable contrast sensitivity of a human observer, the display factor should be discounted. In an equation form, let F(u, v) represent MTF of a display which comes from the Fourier transformed line spread function (LSF). If the image from the display is filtered by CSF denoted by H (u, v) , the Fourier transform of the output ψ (u, v) can be given by [14, 55] ( ) ( ) ( ) flare is an additional luminance across all tonal levels from black to white, and increases only the zero frequency response. More detailed discussions follow in the Results section.
II. METHODS
Apparatus
A 22.2-inc. Eizo ColorEdge221 liquid crystal display (LCD) was used to present experimental stimuli such as sinusoidal gratings and uniform neutral patches. Spatial resolution of the LCD is 1920 × 1200 pixels and the bit depth was 8 bits per channel. The maximum luminance producible is approximately 140 cd/m 2 in a dark room and the black level can reach 1 cd/m 2 due to the inherent leakage light problem of typical LCDs. The display was illuminated by using an EVL lighting Colourchanger 250 light source in a diagonal direction. The ambient illuminance levels could be adjusted by changing the distance between the display and light source. Two particular illuminance levels, i.e. 7000 and 32000 lx, were achieved when the distance settings from the display were respectively 270 and 135 cm. The white colored wall located behind the display was used as surround. In our previous works, [39] [40] illuminance of a few real outdoor viewing situations was measured. The lower level (7000 lx) is for simulating 'overcast' and the higher one (32000 lx) for 'bright' outdoor sunlight conditions. Note that the light source illuminates not only the surround region but also the display screen. The physical contrast loss, which can be caused by the light reflection from the screen (See Table 1 ), is deducted by using MTF of the display for each viewing condition. More details about this viewing flare compensation will be discussed later in the Results section. Table 1 provides measured maximum and minimum luminance levels of the display for each viewing condition along with the viewing flare, absolute Michelson contrast (Mc), relative Mc to dark and surround luminance. Viewing flare can be estimated by the additional luminance increase due to the ambient illumination. As surround is changed from dark to overcast to bright, the mean of 8 evenly sampled luminance values across the surround wall behind the display increases from 0 to 1500 to 7000 cd/m 2 . The amount of viewing flare also increases, so Mc levels (See Equation 3) are respectively decreased to 0.897 and 0.822 for overcast and bright as given in Table 1 .
where L is luminance and maxima and minima are taken over the vertical position of the sinusoidal grating stimulus pattern.
The temporal stability of the light source was measured every 20 seconds continuously for 30 minutes from the cold start and the results are depicted in Figure 2 . Crosses are measured data points for overcast and open circles are for bright. The illuminance level became stable after approximately 3 minutes for both cases. The stabilized illuminance values for the two lighting conditions were fluctuating around 6000 ~ 8000 lx for overcast and 31000 ~ 37000 lx for bright and their mean could be found near 7000 and 32000 lx.
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Experiment 1: Compound Results of Contrast Thre-
shold Perception and Physical Contrast Variation Experiment 1 is conducted to measure compound results of contrast threshold perception and physical contrast reduction caused by increase of ambient illumination. The former is affected by the level of surround luminance and the latter relates to the amount of viewing flare that was provided in Table 1 . A sinusoidal grating pattern, of which contrast modulation gradually varies, is displayed on the display. Along the vertical axis of the screen, contrast becomes the highest in the bottom and lowest in the top of the pattern as can be seen in Figure 3 . This sinusoidal grating pattern (Q) was produced by means of the product of a non-linear gradient function along the vertical axis (M) and a one-dimensional sinusoidal function of spatial frequency across the horizontal axis (F). In practice, those functions can be discretely sampled and expressed by
where F T denotes the transpose of F.
The compound effects of contrast threshold perception and physical contrast were measured at 11 spatial frequencies: 1, 2, 3, 4, 5, 6, 7, 13, 23, 32 and 65 cpd. The first 7 spatial frequencies (1 to 7 cpd) are sampled at the low spatial frequency area with steps of 1 cpd in order to accurately measure the peak sensitivity and the sharp fall-off of CSF. Two middle spatial frequencies, 13 and 23 cpd, where the gradual fall-off after the peak can be observed, are also selected. The highest spatial frequency sampled in this study is 65 cpd for predicting the maximum resolvable frequency.
In total, 6 observers (4 females and 2 males) participated in Experiment 1 and their ages ranged from 26 to 38. They were required to identify vertical positions of the sinusoidal pattern, by double-clicking a wireless mouse, when the contrast became just distinguishable. This experimental technique emulates a method suggested by Kitaguchi and MacDonald in 2006 [41] . We developed a software using Microsoft foundation class in Visual C++ 6.0 to display sinusoidal patterns, to read the coordinates of double-clicked vertical position by the observer and to calculate the contrast. Technically, contrast can be defined as Michelson contrast (See Equation 3) and it is usually converted into a sensitivity unit that is the reciprocal of the contrast threshold as given in Equation 5 .
Each sinusoidal pattern is displayed on the LCD monitor in a random order. Under the dark surround condition, the procedure was repeated 5 times and the results were averaged to obtain contrast threshold values. The same procedure was also applied for the other viewing conditions: overcast and bright. The sequence of these psychophysical sessions for the viewing conditions was also randomly decided for each observer. In order to assure maximum observer adaptation to the viewing condition including the LCD monitor white point and ambient illumination level, observers were given 30 seconds adaptation period [42] prior to each session. Specifically, observers were instructed to stare at a full white patch displayed on the LCD monitor screen under a certain ambient illumination. The distance between an observer and the LCD was set to be 3 m in order to minimize the quantization error of the 8-bit display used. The total number of psychophysical assessments collected for data analysis was 990 (11 stimuli × 5 repeats × 6 observers × 3 viewing conditions).
Experiment 2: Magnitude Estimation of Brightness
Experiment 2 aims to measure the change in brightness [43] of a series of neutral colors shown on an LCD under varied ambient illumination levels and to find out whether the brightness change can affect the contrast threshold perception of human observers. The brightness / lightness distinction may not always be clear to subjects [59] [60] [61] . Lightness means perceived reflectance as a surface property, while brightness is even more ambiguously defined as the perceived luminance of a light source or subjective correlate of luminance [61] . We decided to adopt brightness because all of the test stimuli used are shown on a monitor rather than reflective colors.
Nine neutral patches were uniformly sampled across a 8-bit RGB scale from 0 to 255 with steps of 51 and each of the neutral colors was displayed at a time on the whole LCD screen. Five observers (2 females and 3 males) participated in this experiment in total and their ages ranged from 26 to 38. The apparent brightness of a full white patch displayed on the LCD monitor screen of which the RGB values are (255, 255, 255) was assigned as an arbitrary brightness magnitude value of 100. Prior to the brightness estimations, observers were required to memorize the white patch on the monitor in a dark room and judge a brightness ratio of each of the rest of test neutral colors at a time not only under dark but also under the other two ambient illumination conditions: overcast and bright. Observers were given the following written-instruction. "Please estimate the level of perceived brightness according to the reference patch whose perceived brightness is assigned as 100." Each observer repeated all judgments five times in a random order and their mean opinion scores (MOS) [44] were collected for data analysis. The sequence of the experiment for those ambient illumination conditions was also randomly decided for each observer and a mid-gray of which RGB value is (128, 128, 128) was shown to the observer as a transient patch whilst changing stimulus. The transient patch is usually displayed to prevent any illusions while the scene is changed. In the field of image quality, this illusion artifact is referred to as image sticking [45] . In order to assure maximum observer adaptation to the viewing condition including the LCD monitor white point and ambient illumination level, observers were given 30 seconds adaptation period [42] prior to each session. They were allowed to look back into the reference white patch under the dark viewing condition, but re-adaptations were performed when the viewing condition was altered. The total number of psychophysical assessments used for data analysis was 675 (9 stimuli × 5 repeats × 5 observers × 3 viewing conditions).
Statistical Analysis for Observer Variation
Variation between observers was evaluated in terms of three test methods: ITU-R BT 500-10 [44] , a modified version of coefficient of variance (CV) [46] and the Pearson correlation. First, ITU-R BT 500-10 method [44] rejects observations which are statistically incoherent with the other observers and show unusual peakedness of the probability distribution of a real-valued random variable. It should be ascertained whether the distribution of an observer's data is normal, using the Kurtosis test. Second, CV [46] is often used as a measure of the 'observer accuracy' which represents the mean discrepancy of a set of psychophysical data obtained from a panel of observers from their mean value. This term has been widely used in color appearance and difference studies [46, 58] and usage of it was also verified in image quality studies [39, [56] [57] . The original CV is a normalized measure of dispersion for a repeated measurement but was applied to measure the degree to which a set of data points varied in this study. The CV is normally displayed as a percentage and, for a perfect agreement between them, equals to 0. Third, Pearson correlation reflects the degree of linearity in the relationship between a pair of variables (e.g. x and y). It is defined to be the sum of the products of the standard score of the two variables divided by the number of degrees of freedom. When the variables are perfectly linearly related, their Pearson correlation is +1.
III. RESULTS

Observer Variation
Performance of the observers who participated in Experiments 1 and 2 was evaluated using the three statistical test methods previously introduced. The results obtained are summarized in Table 2 . Basically, all of the observations can be accepted by the ITU-R BT 500-10 method and CV values ranged from 19 to 25 in Experiment 1 which can be within the acceptable level for observer accuracy [39, 46, [56] [57] . Even lower CV values were measured in Experiment 2 (13 ~ 18) because of the simplicity of the magnitude estimation technique. Pearson correlations for all of the assessments are larger than 0.98, meaning strong linearity between the mean and each observation. Especially for Experiment 2, since brightness estimates are known for their subject variability, the individual data are also illustrated along with their mean for each viewing condition in later section.
Compound Results of Contrast Threshold Perception and Physical Contrast
In Experiment 1, the compound results of contrast threshold perception and physical contrast loss were achieved. They resulted from the increase of ambient illumination level causing both increase of surround luminance and viewing flare. Equation 5 was used to convert the measured data into sensitivity units, denoted as psi (ψ ), in Equations 1 and 2. Figure 4 depicts those ψ data for the three viewing conditions. Every data point was normalized so that the maximum value obtained in dark (288) was unity, and adjacent data are linearly connected. Consequently, as the viewing condition changed from dark to overcast to bright, the data moved toward zero in general. The shape of all of the three plots appears typical band-pass and the spatial frequency where the maximum contrast sensitivity occurred was moved toward a lower frequency, i.e. from 5 to 4 cpd. The compound effects of surround luminance and viewing flare on the contrast threshold perception and physical contrast loss seem to be similar to that of mean luminance as previously Spatial Luminance Contrast Sensitivity: Effects of Surround -Youn Jin Kim et al. reported by the wealth of data in the literature as discussed in the Introduction section. Error bars represent standard errors that can be defined as standard deviation divided by square root of the number of observations.
Deriving the Display MTF
It is often assumed that the point spread function (PSF) of a majority of commercial LCD monitors is a rectangle function, rect(x), [47, 62] because the shape of a single pixel in LCDs is rectangular as illustrated in Figure 5 (a) . The rectangle function can be defined as
where n is the size of a pixel of an LCD in visual angle [62] .
Magnitude of the Fourier transform of the rectangle function can be expressed as shown in Equation 8. Viewing flare can be defined as the additional luminance due to surface reflections off the front of a display caused by ambient illumination. It boosts the PSF by a constant offset level as illustrated in Figure 5 Table 1 ).
The estimated MTF of the LCD is presented in Figure 6 (See the solid line). Single-pixel size of the LCD is set to be 0.00474° in visual angle units. The estimated MTFs for the higher illumination levels are shown in Figure 6 as well represented by dashed and dotted lines.
Estimating CSF by Compensating for MTF
As given in Equations 1 and 2 in the Introduction section, CSFs for the three viewing conditions can be estimated by dividing ψ measured in Experiment 1 by the corresponding MTFs as illustrated in Figure 7 . Data points for dark are linearly interpolated and represented by solid lines, with dashed lines for overcast and dotted lines for bright. As can be seen, they show band-pass characteristics and the peak contrast sensitivity for dark is observed at 5 cpd but it moves to 4 cpd for overcast and bright. The peak-shift appears more obvious compared to Figure 4 . However, it is not easy to determine the significance of the peak-shift at the sampling frequency of 1 cpd. A large amount of reduction in contrast sensitivity at the middle frequency area (4 < u <13) can be observed; however, little reduction in contrast sensitivity is found for lower frequencies (u < 4). Because the MTF converges to zero at near the maximum spatial frequency we sampled (68 cpd) so contrast sensitivity at 65 cpd is not investigated in the current study due to the limited display resolution. three linearly interpolated plots previously shown in Figure  7 . The area of a function or a filter correlates to the power of a filtered image. Area of each plot is normalized at the magnitude of the area for the dark viewing condition. As can be seen, about 7 and 15 % of the loss in power occurred under overcast and bright, respectively due to the increase of surround luminance. The amount of power loss caused by the reduction in contrast sensitivity can be analogous to that of Michelson contrast reduction. As given in Table 1 , Michelson contrast decrease reaches up to approximately 10 and 18% respectively for overcast and bright. It yields the fact that the amount of physical contrast reduction is larger than that of power loss in CSF. In order to statistically verify the surround luminance and spatial frequency effects on the shape in CSF, two-way analysis of variance (ANOVA) was performed with surround luminance and spatial frequency as independent variables and contrast sensitivity as the dependent variable. Significant effects could be found for both surround luminance and spatial frequency. Their P values were less than 0.0001. A value of P < 0.05 was considered to be statistically significant in this study. Generally, the effect of surround luminance on the luminance CSF appears the similar as that of mean luminance, as previously discussed in Figure 1 . Because CSF response correlates to the filtered light in the ocular media, smaller CSF responses across the spatial frequency domain result in less power of the filtered image; thus, less light can be perceived by the visual system. Therefore, the stimulus should appear darker under a higher surround luminance which can be verified through another set of experiments. The subsequent section discusses the results from Experiment 2.
Change in Brightness Caused by Surround Lumi nance
The mean perceived brightness magnitudes of the nine neutral colors for the 5 observers are drawn in Figure 9 . The abscissa shows measured luminance of the neutral patches shown on an LCD. The ordinate represents their corresponding perceived brightness magnitudes. The filled circles indicate dark, empty circles for overcast and crosses for bright. Data points are linearly interpolated. As can be seen, all of the data points for overcast and bright are underneath data points for dark, which means that their perceived brightness is decreased in general, as the ambient illumination and surround luminance increase, in spite of the additional luminance increase by viewing flare. Similar results of brightness reduction between the surround and focal area can also be found in other works [48] [49] . Since brightness estimates are known for their subject variability, the individual data are also illustrated along with their mean for each viewing condition in Figure 10 . Filled circles show mean of the 5 observers and error bars show 95% confidential interval. As all of the observations were accepted by the three observer variability tests in Table 2 , all of the brightness estimates follow the same trends. No particular outliers can be observed.
The precise relation between perceived brightness and stimulus luminance has been extensively studied using reflective color samples. Traditionally, there are two most frequently cited explanations [50] . One of them is called the law of retinal stimulus. It is intuitively expected that, if the amount of light falling on a given stimulus is increased, the intensity of the retinal light image could be increased and the HVS could perceive its increased brightness. All of the stimuli should appear lighter with the aid of increased luminance from ambient illumination. The other most frequently cited explanation for the relation between perceived brightness and stimulus luminance is the law of brightness constancy [48, [50] [51] [52] . This phenomenon is based on neural processing after light rays pass through ocular media in the HVS. There are some examples that apparent brightness of visually perceived objects is relatively constant in real world: white snow always appears bright but black coal looks very dark over a range of illuminance, although the coal in the high illumination may actually reflect more intensity of light to the eye than does the snow at the low illumination. According to this theory, the relative brightness, with and without ambient illumination should be constant. However, our experimental results showed reduction in perceived brightness under ambient illumination and neither of the two traditional phenomena could predict this situation. One of the possible reasons for this is that the lighter surround makes the focal area appear darker and this phenomenon is referred to as simultaneous lightness contrast [32] . The neural contrast mechanism that makes the low-luminance areas appear darker in bright environments more than compensates for the reduced physical contrast caused by intraocular scatter [53] [54] .
IV. CONCLUSION
This study examined the variation in shape of spatial luminance CSF under different surround luminance levels and reduction in brightness of uniform neutral patches shown on a computer controlled display screen is also assessed to explain change of CSF shape. Specificically, Experiment 1 was conducted to measure the compound results of contrast threshold perception and physical contrast decrease of a display resulting from the increase of ambient illumination. The former is found to be attributed to simultaneous lightness contrast [32] between stimuli on a display and surround luminance causes the change in CSF shape. The latter is usually decreased by the surface light reflections off of the front of the monitor screen referred to as viewing flare. Through a set of brightness magnitude estimations in Experiment 2, the surround luminance effects on the CSF and brightness reduction assumption could be justified. The viewing flare and display terms were successfully deduced by using MTF. Consequently, a large amount of reduction in contrast sensitivity at middle frequency area (4 < u <13) can be observed; however, little reduction in contrast sensitivity is found for lower frequencies (u < 4). They show band-pass characteristics and the spatial frequency where the maximum contrast sensitivity occurs moves from 5 to 4 cpd when surround luminance increases from dark to overcast to bright. However, it is not quite easy to determine the significance of the peak-shift at the sampling frequency of 1 cpd. Generally, the effect of surround luminance on the luminance CSF appears the similar as that of mean luminance. Because CSF response can correlate to the filtered light in the ocular media, smaller CSF responses across the spatial frequency domain result in less power of the filtered image; thus, a smaller amount of light can be perceived by the visual system. Therefore, the stimulus should appear dimmer under a higher surround luminance. The power loss in CSF reaches up to 7 and 15 % respectively for overcast and bright. Analogously, the Michelson contrast decrease was 10 and 18 % for overcast and bright due to the fact that the amount of physical contrast reduction is larger than that of power loss in CSF. In order to evaluate the statistical significance of the surround luminance and spatial frequency effects on the shape in CSF, two-way ANOVA was performed and significant effects could be found for both parameters.
The results, which can be obtained from Experiments 1 and 2, are applicable to various purposes. Since CSFs have been widely used for evaluating image quality by predicting the perceptible differences between a pair of images [33] [34] [35] 55] surround luminance effects on CSF can be very useful for this application. Furthermore, the results can also be applied to simulate the appearance of a scene [36] [37] and evaluate the visual performance of the eye [38] . It should be noted that only luminance CSF in fovea are considered in this paper and peripheral region CSF remains for future work. Chromatic CSFs in opponent color channels with varied surround luminance levels can be another interesting topic for a future study.
